Copper (Cu) is a tightly regulated micronutrient that functions as a structural or catalytic cofactor for specific proteins essential for a diverse array of biological processes. While the study of the extremely rare genetic diseases, Menkes and Wilson, has highlighted the requirement for proper Cu acquisition and elimination in biological systems for cellular growth and proliferation, the importance of dedicated Cu transport systems, like the Cu chaperones ATOX1 and CCS, in the pathophysiology of cancer is not well defined. We found that ATOX1 was significantly overexpressed in human blood, breast, and skin cancer samples, while CCS was significantly altered in human brain, liver, ovarian, and prostate cancer when compared to normal tissue. Further analysis of genetic expression data in Cancer Cell Line Encyclopedia (CCLE) revealed that ATOX1 is highly expressed in melanoma cell lines over other cancer cell lines. We previously found that Cu is required for BRAF V600E -driven MAPK signaling and melanomagenesis. Here we show that genetic loss of ATOX1 decreased BRAF V600Edependent growth and signaling in human melanoma cell lines. Pharmacological inhibition of ATOX1 with a small molecule, DCAC50, decreased the phosphorylation of ERK1/2 and reduced the growth of BRAF mutationpositive melanoma cell lines in a dose-dependent manner. Taken together, these results suggest that targeting the Cu chaperone ATOX1 as a novel therapeutic angle in BRAF V600E -driven melanomas.
Introduction
While growth factors and nutrients are well-appreciated regulators of cell proliferation, the contribution of transition metals to pro-proliferative cellular processes is understudied. The transition metal Cu is an essential micronutrient for most living organisms by regulating a diverse array of biological processes, such as cellular respiration, free radical detoxification, pigmentation, † Electronic supplementary information (ESI) available: Fig. S1 . DCAC50 treatment inhibits the growth of human cancer cells irrespective of ATOX1 overexpression. (a) log 2 mRNA expression of ATOX1 versus CCS in 1036 cancer cell lines from the CCLE database. Non-melanoma cell lines (n = 975), melanoma cell lines (n = 61), or A375, WM88, SW48, or HPAC are indicated with gray, red, black, orange or blue dots, respectively. Dashed lines indicate two standard deviations from mean mRNA expression and were used as cut-off values to designate low (left, bottom), normal (middle), or high expression (right, top). (b-d) Representative images of crystal violet stained colonies from HPAC, SW48, or HEK-HT cells treated with vehicle or increasing concentrations of DCAC50. (e-g) Quantification of crystal violet staining from three independent experiments plated in triplicate represented as normalized percent growth AE SEM of HPAC, SW48, or HEK-HT cells treated with vehicle or increasing concentrations of DCAC50. Statistical analysis was performed using a one-way ANOVA followed by Tukey's multiple-comparisons test. ***P o 0.001, ****P o 0.0001. kinase signal transduction, lipolysis, and neuropeptide processing. [1] [2] [3] However, excess Cu accumulation is toxic in all organisms tested due, in large part, to free Cu ions reacting with hydrogen peroxide to form hydroxyl radicals. 4 The importance of intact Cu homeostatic mechanisms to cell growth control is underscored by the various growth phenotypes associated with aberrant Cu excretion and absorption in Menkes and Wilson disease, respectively. 1, [4] [5] [6] [7] [8] [9] Therefore, biological systems depend upon dedicated machinery for the proper acquisition, distribution, and elimination of Cu. 10 In mammals, the majority of Cu acquisition is achieved through the high affinity Cu 1+ transport function of the transmembrane protein CTR1. 11, 12 Evolutionarily conserved Cu chaperones, ATOX1, CCS, and COX17, facilitate the efficient delivery of Cu to cuproenzymes located in the trans-Golgi network, cytosol, or mitochondria, [13] [14] [15] [16] [17] [18] [19] while the large quantities of molecules like glutathione (GSH) and metallothionein limit cellular toxicity from free Cu ions. 20 Specifically, the redox sensitive Cu chaperone ATOX1 delivers Cu to the P-type ATPases ATP7A or ATP7B, depending on the cell type, which facilitate the transport of Cu into the lumen of the trans-Golgi network where Cu loading of Cu-dependent enzymes, like tyrosinase, lysyl oxidase, and ceruloplasmin, occurs. [21] [22] [23] Within the cytosol, CCS activates Cu,Zn-superoxide dismutase (SOD1) through direct insertion of the Cu cofactor required for catalyzing the disproportionation of superoxide to hydrogen peroxide and dioxygen. 24, 25 Finally, COX17 shuttles Cu within the inner membrane space of the mitochondria and utilizes two accessory proteins, COX11 and SCO1, to metallate the CuA and CuB sites of cytochrome c oxidase. 13, [26] [27] [28] While the physiological relevance of these Cu chaperones has been elucidated through the study of Menkes and Wilson disease, the contribution of dedicated Cu delivery systems in the context of additional pathophysiologies such as cancer, neurodegeneration, fatty liver disease, impaired wound healing, and cardiovascular disease remains to be explored.
Within the context of tumor initiation and tumor progression, some cancers may increase serum Cu levels several years prior to its diagnosis and enhanced mortality in cancer patients is associated with higher levels of Cu, 29, 30 but the biological significance of these observations is not well-established. Molecularly, the expression of the Cu chaperones ATOX1, CCS, and COX17 is elevated in non-small cell lung carcinoma (NSCLC) when compared to normal lung tissue. 31 However, ATOX1 may play a more significant role in tumorigenesis and progression than other Cu chaperones. 32 Specifically, functional studies revealed that genetic knockdown of ATOX1 reduced the Cu-stimulated growth of NSCLC cell lines. 31 Further supporting a role for ATOX1 in tumorigenesis, it was recently demonstrated that ATOX is highly overexpressed in breast cancer patients at both the mRNA and protein level and is functionally required for breast cancer cell migration. 33 In an effort to disrupt intracellular Cu transport to block cancer cell proliferation, Wang et al. developed a small molecular inhibitor, DCAC50, targeting the Cu chaperones ATOX1 and CCS. 34 Treatment with DCAC50 selectively reduced cell viability by promoting redox stress and reducing ATP levels of both human breast and lung cancer cell lines. 34 Together, these studies establish ATOX1 as an integral Cu chaperone necessary for various tumorigenic properties and support further investigation of the molecular mechanisms by which ATOX1 contributes to tumorigenesis.
In the present study, we assessed the expression of the Cu chaperones ATOX1 and CCS across multiple tumor subtypes and found that ATOX1 was significantly upregulated in both melanoma patient samples and cell lines and ATOX1 overexpression correlated with poor survival. Given that our previous work demonstrated that genetic ablation of CTR1 or treatment with Cu chelators reduced the growth BRAF V600E -driven melanoma by dampening MAPK pathway activation, 35, 36 we interrogated the importance of ATOX1 in BRAF mutation-positive melanoma. Here we demonstrate that targeting ATOX1 is a novel vulnerability in BRAF mutation-positive melanoma by influencing oncogene addicted kinase signaling.
Methods

Data mining
ATOX1 or CCS mRNA expression in tumor and normal tissue samples was obtained from the Gene Expression across Normal and Tumor tissue (GENT) web-based genome database GENT (Gene Expression across Normal and Tumors; http://medical genome.kribb.re.kr/GENT/reference.php, Korea Research Institute of Bioscience and Biotechnology). ATOX1 and CCS mRNA expression in 1036 cancer cell lines was obtained from the Cancer Cell Line Encyclopedia (CCLE) database (https://portals.broadinstitute.org/ccle at The Broad Institute). Cancer cell lines in which mRNA expression was greater than two standard deviations from the mean were defined as low or high expression. The Cancer Genome Atlas (TCGA) skin cutaneous melanoma dataset was queried from cBioPortal for ATOX1 mRNA expression and patient survival data was stratified into top or bottom five percent of ATOX1 mRNA expression.
Cell culture A375, HPAC, SW48, and WM88 cell lines were obtained from the American Type Culture Collection and Rockland Immunochemicals, respectively. HEK-HT cells were described previously. 37 Parental cell lines were cultured in Dulbecco's Modified Eagle Media (DMEM, Gibco) supplemented with 10% v/v fetal bovine serum (FBS, GE Lifesciences) and 100 U mL À1 penicillin and streptomycin (P/S) antibiotics (Gibco). A375 and WM88 melanoma cells stably expressing pLenti-CRISPRV2puro constructs were maintained as above supplemented with 2 mg mL À1 puromycin (Invitrogen). A375 and WM88 melanoma cell lines were stably infected with lentiviruses derived from pLentiCRISPRV2 (see plasmids below) using established protocols.
Plasmids pLenti-CRISPRV2puro (Addgene plasmid #52961) was previously described. pLenti-CRISPRV2puro-Rosa26-sgRNA was created to express the mouse Rosa26 target sequence 5'-CCCGATCCCCT ACCTAGCCG. pLentiCRISPRV2puro-ATOX1-sgRNA #2 was created to express the human ATOX1 target sequence 5 0 -TCAGAAGCA CGAGTTCTCTG. pLentiCRISPRV2puro-ATOX1-sgRNA #4 was created to express the human ATOX1 target sequence 5 0 -TCAAT GCAGACCTTCTTGTT.
Colony formation assay
A375 and WM88 cells stably expressing pLenti-CRISPRV2puro constructs were seeded at 5.0 Â 10 3 cells per well in 6-well plates. After seven days cells were washed once with 1Â phosphate buffered saline (PBS) and stained with 1 mL of crystal violet staining solution (0.5% w/v crystal violet in 25% v/v methanol) for 15 minutes. After 15 minutes all wells were washed in distilled water until background staining was minimal. Crystal violet stained colonies were imaged on the ChemiDoc Touch Imaging System (Bio-Rad) imager prior to dissolving in 10% acetic acid for 15 minutes and subsequent measurement of absorbance at 590 nm (Synergy, BioTek). For DCAC50 treatments, A375 (5.0 Â 10 3 ), HEK-HT (1.0 Â 10 3 ), HPAC (5.0 Â 10 3 ), SW48 (2.0 Â 10 4 ), and WM88 (5.0 Â 10 3 ) cells were seeded at the indicated densities per well in 6-well plates and treated 24 hours after with vehicle or a final concentration of 1, 2.5, 5, 10, or 25 mM DCAC50 (Sigma) for seven days. After 7 days, colonies were processed as above.
Immunoblot analysis
A375 and WM88 parental cells or those stably expressing pLentiCRISPRv2 constructs were treated as indicated and washed with cold PBS and lysed with cold RIPA buffer containing 1Â EDTA-free Halt TM protease and phosphatase inhibitor cocktail halt protease and phosphatase inhibitors (Thermo Scientific). Protein concentration was determined by BCA Protein Assay (Pierce) using BSA as a standard. Equal amount of lysates were resolved by SDS-PAGE using standard techniques, and protein was detected with the following primary antibodies: mouse anti-ATOX (1 : 1000; WH0000475M1, Sigma Aldrich), mouse anti-b-ACTIN (1 : 10 000; 3700, Cell Signaling), rabbit anti-phospho (Thr202/Tyr204)-ERK1/2 (1 : 1000; 9101, Cell Signaling), mouse anti-ERK1/2 (1 : 1000; 9107, Cell Signaling), rabbit anti-phospho (Ser217/221)-MEK1/2 (1 : 1000; 9154S, Cell Signaling), anti-mouse MEK1/2 (1 : 1000; 4694S, Cell Signaling), rabbit anti-phospho (Thr180/Tyr182)-p38 (1 : 1000; 9211S, Cell Signaling), rabbit anti-p38 (1 : 1000; 9212S, Cell Signaling), rabbit anti-phospho (Thr183/ Tyr185)-JNK (1 : 1000; 9251S, Cell Signaling), rabbit anti-JNK (1 : 1000; 9252S, Cell Signaling), rabbit anti-LAMIN A/C (1 : 1000; 2032S, Cell Signaling), or mouse anti-a-TUBULIN (1 : 1000; 3873S, Cell Signaling) followed by detection with one of the horseradish peroxidase conjugated secondary antibodies: goat anti-rabbit IgG (1 : 2000; 7074, Cell Signaling) or goat anti-mouse (1 : 2000; 7076, Cell Signaling) using SignalFire (Cell Signaling) or SignalFire Elite ECL (Cell Signaling) detection reagents. The fold change in the ratio of phosphorylated protein to total protein was measured in Image Studio Lite (LI-COR Biosciences) software by boxing each band using the rectangular selection tool and calculating the signal of the band in pixels. The signal of the phosphorylated protein band in pixels was normalized to the signal of the total protein band in pixels. The average fold change is shown in figures. For nuclear and cytosolic fractionations, cells were plated in 10 cm dish (Genesee Scientific, , washed with cold 1Â PBS, and nuclear and cytosolic fractions were separated using nuclear/cytosol fractionation kit (BioVision K266) according to manufacturer's protocols.
Statistical analyses
Data are represented as the mean AE SEM. The sample size (n) indicates the experimental replicates or number of samples analyzed. For all experiments, each data point analyzed was from an independent biological sample. Statistical significance was typically determined using a one-way ANOVA followed by a Tukey's multi-comparisons test or Mantel-Cox test, in which significance was determined as P r 0.05. All statistical analyses were performed using GraphPad Prism 7 software.
Results
ATOX1 overexpression in melanoma correlates with poor survival
Although the varied expression of the human Cu proteome across cancer subtypes was recently defined, 32 the characterization did not include all human cancers, such as melanoma. These gaps leave the involvement of the Cu transport system in various other cancers incompletely annotated and support a need for future investigation. To fill this gap, we examined the expression of Cu transport systems across multiple human cancer and normal tissues utilizing the Gene Expression across Normal and Tumor tissue (GENT) web-accessible database. We found that ATOX1 mRNA expression was significantly higher in blood, breast, and skin cancer when compared to the expression in their respective normal tissues ( Fig. 1a ). Conversely, CCS mRNA expression was significantly increased in brain and ovarian cancers and reduced in liver and prostate cancers when compared to their respective normal tissue samples ( Fig. 1b ). To substantiate these findings in human cancer cell lines, we surveyed ATOX1 and CCS transcript levels in the Cancer Cell Line Encyclopedia (CCLE) database, which provides detailed gene expression analysis for over 1000 cancer cell lines. Interestingly, ATOX1 mRNA levels were highest amongst melanoma cell lines when compared to all other cancer cell lines and tended to be several orders of magnitude higher than CCS mRNA levels ( Fig. 1c ). Since there was significant overexpression of ATOX1 in melanoma within both datasets, we utilized The Cancer Genome Atlas (TCGA) skin cutaneous melanoma patient data to query if altered ATOX1 mRNA expression correlated with survival outcome. 38 Patient samples displaying elevated ATOX1 mRNA expression significantly correlated with a shorter median survival (Fig. 1d) . These data suggest a genetic link between ATOX1 expression and the development or progression of melanoma.
Genetic deletion of ATOX1 reduced melanoma growth
To investigate the functional importance of ATOX1 in melanoma, we deleted ATOX1 via CRISPR/Cas9 in human melanoma cell lines, A375 and WM88, which overexpress ATOX1 based on CCLE data analysis ( Fig. 2a and b) . We choose to investigate A375 and WM88 as they harbor oncogenic mutations in the serine/ threonine kinase BRAF, which is the most commonly mutated gene in cutaneous melanoma and underlies therapeutic targeting via the FDA-approved small molecule kinase inhibitors dabrafenib and vemurafenib. [38] [39] [40] [41] [42] [43] [44] Targeted disruption of ATOX1 with two different sgRNAs significantly reduced the colony formation of A375 and WM88 cells when plated at low density when compared to control ( Fig. 2c-f ). Thus, our results demonstrate that BRAF mutation-positive melanoma cell lines depend on ATOX1 for growth, suggesting that its overexpression contributes to melanomagenesis.
Genetic deletion of ATOX1 decreased MAPK pathway activation in BRAF V600E mutant melanoma
In the context of melanoma, oncogenic BRAF V600E constitutively phosphorylates and activates the MEK1 and MEK2 kinases, which in turn phosphorylate and activate the ERK1 and ERK2 kinases, hyperactivating the canonical Mitogen Activated Protein Kinase Pathway (MAPK) to promote uncontrolled melanocytes growth and caner initiation and progression. 39 Thus, targeting either oncogenic BRAF V600E and the MEK1/2 kinases has proven to be a clinically effective strategy to prolong survival in metastatic melanoma. 42, [45] [46] [47] [48] Our lab previously established Cu as an essential micronutrient for BRAF V600E -driven MAPK signaling, tumor growth of human melanoma cell lines, and melanomagenesis in a genetically engineered mouse model. 35, 36 Capitalizing on the dependence of oncogenic BRAF V600E for MEK1/2-mediated signaling for growth and survival, 49 we investigated whether canonical MAPK pathway activation was altered in response to genetic knockout of ATOX1. We tested and found that stable knockout of endogenous ATOX1 by CRISPR/Cas9 in the human melanoma cell lines A375 and WM888 specifically dampened phosphorylation of ERK1/2 ( Fig. 3a-d ). Despite hyperactivation of additional MAPK pathway downstream of oncogene induced stress in melanoma, 50 phosphorylation of p38 and JNK were unaltered in melanoma cell lines without ATOX1 expression( Fig. 3a-d) . These data suggest that canonical MAPK pathway activation is specifically diminished in the absence of ATOX1 and may contribute to the reduced growth of BRAF mutation-positive melanoma cells in the absence of ATOX1. Cu is required for BRAF V600E -driven MEK1/2 kinase activity through a direct Cu-MEK1/2 interaction, 36 but it remains to be determined whether well-established Cu transport systems participate in Cu loading of these protein kinases. To determine whether ATOX1 supplies Cu to MEK1/2, we interrogated whether phosphorylation of ERK1/2 could be restored by treating ATOX1 knockout melanoma cell lines with exogenous Cu. Interestingly, acute, excess Cu treatment was sufficient to stimulate the MAPK pathway above baseline, suggesting that MEK1/2 may not be fully occupied with Cu in A375 and WM88 cells ( Fig. 3e-f ). In the absence of ATOX1, we found that the reduced phosphorylation of ERK1/2 was rescued by exogenous Cu to basal levels. Thus, ATOX1 is required for BRAF V600E -mutant melanoma MAPK pathway activation indirectly of a supporting Cu binding of MEK1/2.
Acute inhibition of ATOX1 reduced melanoma growth
Previous studies have suggested that Cu-chelators used in the treatment of Wilson disease could be exploited in BRAF V600E -driven melanoma as a unique vulnerability by forestalling MAPK signaling. 35, 36 In agreement, we hypothesized that treatment with the small molecule inhibitor DCAC50, which was previously shown to inhibit ATOX1 and CCS by blocking Cu transfer between these chaperones and downstream interacting target proteins, 34 would acutely inhibit ATOX1 and reduce the growth of melanoma cell lines dependent on BRAF V600E -mediated activation of the MAPK pathway. In both A375 and WM88 melanoma cell lines, DCAC50 treatment attenuated colony formation in a dose-dependent fashion ( Fig. 4a-d) . Thus, inhibition of ATOX1 with concentrations of the small molecule inhibitor DCAC50 that are known to be selective and effective in reducing the proliferation of NSCLC are equally potent in dampening the growth of BRAF mutant melanoma cell lines. 34 To address whether DCAC50 mechanistically reduced BRAF V600E -driven melanoma cell line colony formation by solely targeting overexpressed ATOX1, A375 and WM88 melanoma cell lines stably expressing a control sgRNA or two different sgRNAs targeting ATOX1 were treated with increasing concentrations of DCAC50 and growth at low density was evaluated ( Fig. 4e-h) . While DCAC50 reduced the colony formation of A375 and WM88 cells in a dose-dependent manner when plated at low density when compared to vehicle control, stable knockout of ATOX1 with two different sgRNAs failed to further decrease the antiproliferative activity of DCAC50 at concentrations in which significant reductions in colony growth were observed in the parental lines ( Fig. 4e-h) . Thus, inhibition of BRAF V600E -mutant melanoma cell growth by the small molecule DCAC50 is due in large part to targeting only one of its molecular targets, ATOX1.
Given these results, we hypothesized that human cancer cell lines with lower ATOX1 expression will be less sensitive to DCAC50. To test this hypothesis, we further analyzed the genetic expression data in CCLE and found that ATOX1 expression is lower in the pancreatic cancer cell line HPAC and the colon cancer cell line SW48 when compared to the melanoma cell lines A375 and WM88 (Fig. S1a, ESI †) . In contrast to the hypothesis, HPAC and SW48 colony formation was reduced following treatment with DCAC50 in a dose-dependent manner ( Fig. S1b-e, ESI †) . However, DCAC50 displayed negligible effects on primary human embryonic kidney Fig. 3 Genetic deletion of ATOX1 decreases MAPK pathway activation. (a and b) Immunoblot detection of P-ERK1/2, T-ERK1/2, P-MEK1/2, T-MEK1/2, P-p38, T-p38, P-JNK, T-JNK, or b-ACTIN from A375 or WM88 melanoma cells stably expressing sgRNA against ROSA (-) or ATOX1 (#2 or #4). Quantification: DP-ERK1/2/T-ERK1/2 normalized to ROSA control. (c and d) Quantification of the ratio of P-ERK1/2 to T-ERK1/2 normalized to ROSA control AE SEM in A375 and WM88 melanoma cells stably expressing sgRNA against ROSA (-) or ATOX1 (#2 or #4) from three independent biological replicates. Statistical analysis was performed using a one-way ANOVA followed by Tukey's multiple-comparisons test. *P o 0.05, ***P o 0.001. (e and f) Immunoblot detection of P-ERK1/2, T-ERK1/2, or b-ACTIN from A375 or WM88 melanoma cells stably expressing sgRNA against ROSA (-) or ATOX1 (#2 or #4) treated with vehicle or 10 mM CuCl 2 for 20 minutes. Quantification: DP-ERK1/2/T-ERK1/2 normalized to ROSA control. (g and h) Quantification of the ratio of P-ERK1/2 to T-ERK1/2 normalized to ROSA control AE SEM in A375 and WM88 melanoma cells stably expressing sgRNA against ROSA (-) or ATOX1 (#2 or #4) treated with vehicle or 10 mM CuCl 2 for 20 minutes from three independent biological replicates. Statistical analysis was performed using a one-way ANOVA followed by Tukey's multiple-comparisons test. ns = non-significant, *P o 0.05. cells immortalized with SV40 T-antigen and telomerase (HEK-HT) and is therefore not broadly toxic to normal cell growth ( Fig. S1f and g, ESI † ). Since ATOX1 is not responsible for directly delivering Cu to MEK1/2 in cells, the mechanism by which DCAC50 reduced the growth of these cancer cells remained to be determined. Several studies have reported that 
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ATOX1 not only functions in the cytosol but also translocates to the nucleus to facilitate the transcription of genes like CCND1 to drive cell growth and proliferation. [51] [52] [53] We tested and found that ATOX1 is expressed at undetectable levels in several human cancer cell lines (HPAC and SW48) and an immortalized human cell line (HEK-HT) and is exclusively localized to the cytosolic fraction of A375 and WM88 melanoma cells (Fig.  S2a , ESI †). Taken together, these findings suggest that ATOX1 expression levels may not be a predictive marker of sensitivity to the small molecule DCAC50, but indicate that the growth of cancer cells is typically selectively inhibited due in part to targeting either Cu chaperone.
DCAC50 treatment attenuated MAPK pathway activation
Finally, to investigate whether acute inhibition of ATOX1 would decrease MAPK pathway activation in an analogous fashion to genetic deletion of ATOX1, A375 and WM88 melanoma cells were treated with increasing concentrations of DCAC50. Similar to loss of ATOX1, phosphorylated ERK1/2 was reduced in response to DCAC50 treatment when compared to vehicle control, while the activation of other MAPKs remained elevated ( Fig. 5a-d) . These results indicate that ATOX1 is required for MAPK signaling whether directly through a mechanism by which ATOX1 interacts with MAPK proteins themselves or indirectly by disabling Cu-requiring proteins.
Discussion
We define here for the first time the landscape of differential expression for the Cu chaperones ATOX1 and CCS in human cancer, which revealed selective upregulation of ATOX1 in the context of skin cutaneous melanoma that correlated with poorer survival in patients. These findings agree with a study from Blockhuys et al. that defined the human Cu proteome and uncovered ATOX1 overexpression in all molecular subtypes of breast cancer. 32 However, the genetic mechanism(s) driving the elevated expression of ATOX1 in breast cancer or melanoma remains to be elucidated. One intriguing hypothesis is that transcription factor dysregulation in melanoma is causing high expression of ATOX1, which is predicted to be regulated by MTF1 and cMYC-MAX both of which have been implicated in melanoma initiation and progression. Cutaneous melanoma can be classified genetically based on the frequency of mutations in BRAF, RAS, NF1, and triple-WT established and these four subtypes provided a framework for clinical management of the disease. 38 While BRAF V600E -driven melanoma is the most prevalent alteration, 43 ATOX1 overexpression was detected in all four genomic subtypes of cutaneous melanoma, suggesting a potential unifying mechanism for the observed upregulation and dependence across the cancer. Our findings highlight a need for additional exploration of Cu transport systems in cancer by further investigating the molecular players governing their dysregulation in hopes of uncovering news facets of the system that can be targeted therapeutically.
Functionally, we established that ATOX1 is required for the growth of BRAF mutation-positive melanoma and its genetic deletion or pharmacologic inhibition is associated with a dampening of oncogenic MAPK pathway activation. However, the extent to which the reduction in oncogenic kinase signaling underlies the requirement for ATOX1 in melanoma cell growth remains to be defined. Based on previous studies, several molecular mechanisms could collectively contribute to our findings. First, our recent work demonstrated that Cu directly binds to MEK1/2 to influence the amplitude of the RAF-MEK-ERK cascade in response to proliferative signals. 54 Unlike Mg 2+ that is required for ATP coordination and in turn kinase activity, Cu allosterically potentiates the ability of MEK1/2 to phosphorylate ERK1/2 in a dose-dependent manner. Further studies showed either genetically (i.e. CTR1 knockdown) or pharmacologically (i.e. Cu chelators) decreasing Cu levels in the setting of MEK1/2 dependent BRAF mutation-positive melanomas reduced tumor growth. 35, 36 Thus, an as yet unknown, dedicated cellular delivery mechanism of Cu to MEK1/2 is likely to exist that could be mediated by ATOX1. However, we established here that reduced MAPK pathway activation in the absence of ATOX1 could be rescued by exogenous Cu treatment ( Fig. 3e-h ), suggesting that ATOX1 is not directly required for Cu-mediated activation of the MAPK pathway. Second, ATOX1 traditionally functions as the Cu chaperone for delivery of Cu to the trans-Golgi network via the P-type ATPase ATP7A in melanocytes to support the Cu-loading into Cu-dependent enzymes like LOX and tyrosinase. Both Zhu et al. and Matsui et al. have provided convincing evidence that loss of ATP7A function either by genetic deletion or pharmacologic inhibition with the gastric proton pump inhibitor omeprazole can reduce oncogenic RAS-mediated transformed cell growth due in large part to elevated ROS levels or block melanomagenesis potentially through tyrosinase degradation. 55, 56 Therefore, overexpression of ATOX1 in melanoma and other cancers may simply support the metalation of Cu-dependent enzymes localized to the secretory compartment that are essential for tumorigenesis. In support for this hypothesis, a phase II clinical trial in triple negative breast cancer patients treated with the Cu chelator tetrathiomolybdate revealed that tumor microenvironment remodeling mediated through the Cu-dependent activity of LOX was ablated. 57, 58 Finally, while several reports have suggested that ATOX1 regulates the expression of genes required for cell growth and proliferation by translocating to the nucleus, [51] [52] [53] ATOX1 is predominately localized to the cytosolic fraction of human melanoma cell lines ( Fig. S2a, ESI †) . In conclusion, this study highlights the importance of exploring additional Cu homeostasis machinery in the context of cancer and more specifically, suggests that inhibiting ATOX1 with the small molecule DCAC50 may be a promising strategy for the treatment of BRAF mutation-positive cancer in combination with other MAPK pathway inhibitors.
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